Abstract Concentrations of dimethylsulfide (DMS), measured in the Subarctic Pacific during summer 2010 and 2011, ranged from 1 to 40 nM, while dissolved dimethylsulfoxide (DMSO) concentrations (range 13-23 nM) exceeded those of dissolved dimethyl sulfoniopropionate (DMSP) (range 1.3-8.8 nM). Particulate DMSP dominated the reduced sulfur pool, reaching maximum concentrations of 100 nM. Coastal and off shore waters exhibited similar overall DMS concentration ranges, but sea-air DMS fluxes were lower in the oceanic waters due to lower wind speeds. Surface DMS concentrations showed statistically significant correlations with various hydrographic variables including the upwelling intensity (r 2 5 0.52, p < 0.001) and the Chlorophyll a/mixed layer depth ratio (r 2 5 0.52, p < 0.001), but these relationships provided little predictive power at small scales. Stable isotope tracer experiments indicated that the DMSP cleavage pathway always exceeded the DMSO reduction pathway as a DMS source, leading to at least 85% more DMS production in each experiment. Gross DMS production rates were positively correlated with the upwelling intensity, while net rates of DMS production were significantly correlated to surface water DMS concentrations. This latter result suggests that our measurements captured dominant processes driving surface DMS accumulation across a coastal-oceanic gradient.
Introduction
Dimethylsulfide (DMS) is a biogenic sulfur compound derived from the algal metabolite dimethyl sulfoniopropionate (DMSP) in marine surface waters. Lovelock et al. [1972] revealed an important role for dimethyl sulfide (DMS) in the global sulfur budget, stimulating decades of subsequent research into the oceanic cycling of this compound. There has been significant discussion of the potential role of DMS in climate regulation, as a precursor to sulfate aerosols that backscatter incoming solar radiation and promote cloud formation [Charlson et al., 1987; Quinn and Bates, 2011] . Moreover, this compound (along with DMSP, and dimethylsulfoxide, DMSO) is key to the metabolism of many marine microbes, as a source of reduced carbon and sulfur [Kiene et al., 2000; Howard et al., 2006; Reisch et al., 2011] . DMS and DMSP may also act as chemotactic attraction compounds for predators [Seymour et al., 2010; Nevitt, 2008] , thus providing a biogeochemical link across different trophic levels of the marine ecosystem. With some recent exceptions [e.g., Royer et al., 2016] , most models have employed crude and implicit parameterizations of both bacterial DMS Over the past decade, the Line P time-series program has documented seasonal and interannual variability in surface water DMS concentrations in the Northeast Subarctic Pacific. Surface water DMS concentrations along the Line P transect are characterized by significant spatial variability (over a range of length scales) and large potential interannual variability [Asher et al., 2011a; Steiner et al., 2012] . The region comprises two distinct ecological provinces; a high productivity coastal regime, and an iron (Fe)-limited, high nutrient and low chlorophyll (HNLC) offshore regime [Harrison et al., 1999; Martin and Fitzwater, 1988] . Maximum DMS concentrations in excess of 20 nM (10-fold higher than the global average) have been observed in HNLC open ocean waters along Line P during the late summer and early fall. Field observations and modeling results have suggested that the phytoplankton speciation and iron nutrient limitation of these phytoplanktons are dominant factors driving perennial summer-time DMS accumulation in these offshore HNLC waters Lizotte et al., 2009; N. Steiner, personal communication, 2012] . Iron limitation has been shown to increase cellular production of DMS and DMSP, potentially as a physiological response to oxidative stress. In conjunction with rapid biological cycling, physical processes such as entrainment, sea-air exchange and photo-oxidation of DMS to DMSO (Figure 1 ) have also been shown to drive temporal changes in DMS at Ocean Station Papa [e.g., Le Clainche et al., 2006] , the western most station along the Line P transect.
Continental shelf waters along the British Columbia (BC) coast have also attracted recent attention as a seasonally strong but variable source of DMS [Sharma et al., 1999; Nemcek et al., 2008; Tortell et al., 2012b] . These productive coastal waters receive significant iron inputs from shelf sediments, and are characterized by complex shelf bathymetry, summertime wind-driven upwelling (Figure 1) , and the presence of several strong near shore current systems, namely the southbound California Current and northbound Vancouver Island Coastal Current (VICC) [Cullen et al., 2009; Freeland et al., 1984] . In this coastal region, physical dynamics lead to strong spatial and temporal variability in macronutrient supply, which drives significant variability in phytoplankton biomass, speciation, and productivity. This variability may, in turn, lead to strong temporal and spatial gradients in the surface water concentrations of DMS and other biogenic gases [Nemcek et al., 2008 , Evans et al., 2012 Tortell et al., 2012b] . To date, however, DMS dynamics in the continental shelf waters of the Subarctic Northeast (NE) Pacific remain less well studied than those in the offshore region.
Despite recent progress toward documenting the spatial and temporal variability of DMS concentrations in the Subarctic NE Pacific [e.g., Wong et al., 2005; Asher et al., 2011a; Tortell et al., 2012b] , fundamental gaps remain in our understanding of the underlying processes of DMS production and removal. In general, dissolved DMSP (DMSP d ) cleavage is considered to be the main pathway for oceanic DMS production, and this process can be mediated either by phytoplankton that possess intracellular DMSP lyase, or by bacteria acting on the dissolved DMSP pool in seawater. As a result, the relative importance of phytoplankton versus bacteria to DMS production remains a topic of particular interest. Abiotic photooxidation of DMS to DMSO, and biological (largely bacterial) DMS consumption can both contribute significantly to DMS removal (Figure 1) , with their relative importance depending on solar (UV) intensity, mixed layer depth and the activity, taxonomic composition and sulfur requirements of bacterial assemblages [Le Clainche et al., 2006] . To date, two studies have employed radio-isotope 35 S labeling methods to examine DMS cycling in the Subarctic Pacific , Royer et al., 2010 . While this work has provided important information on DMS production/consumption processes, the key rates of the DMS cycle (DMS production from DMSP d cleavage and DMS consumption; Figure 1 ) have not been measured simultaneously in Subarctic Pacific waters. Moreover, no studies to date have examined the potential contribution of DMSO reduction to DMS cycling in this region (Figure 1 ). Recent work in Antarctic polynyas [Asher et al., 2011b] , suggests that this process may be important in at least some marine environments.
To examine the distribution and cycling of DMS, DMSP, and DMSO in the Subarctic Pacific Ocean, we conducted high spatial resolution surface DMS surveys using membrane inlet mass spectrometry (MIMS), and quantified DMS turnover across coastal, transitional, and open ocean waters. We also employed a relatively new tracer-based method [Asher et al., 2011b] to simultaneously quantify key processes in the DMS cycle, namely gross DMS removal, DMSP cleavage, and DMSO reduction [Asher et al., 2011b] . Our results demonstrate consistent differences in DMS concentrations and dynamics across a coastal-oceanic gradient. Moreover, we show that correlations between DMS concentrations and various oceanographic variables (e.g., upwelling intensity and biological oxygen accumulation) can be observed at various spatial scales, but have little predictive power across multiple scales. We also show that measured DMS turnover rates are significantly correlated with observed DMS concentrations, suggesting that our rate measurements capture the dominant processes leading in DMS accumulation in surface waters. 
Methods

Field Sampling
We conducted two research cruises on board the CCGS John P. Tully, surveying coastal and open ocean regions of the Subarctic NE Pacific (Figure 2 ). Coastal waters of BC were surveyed between 20 July and 15 August 2010 on the West Coast Acidification Cruise (WCAC; cruise IOS-2010-36). The cruise track (Figure 2 ) covered the outer coast of Vancouver Island, Haida Gwaii and much of the central BC coast. Stations were sampled along the continental shelf, and on a number of cross-shelf transects. During this cruise, we also had the opportunity to sample a detailed grid near the Brooks Peninsula (127.9 W, 50.18N), during a two day search and rescue (SAR) mission. During the summer of 2011, we sampled along the Line P time-series transect (from Vancouver Island to Ocean Station Papa, 1458W, 458N) from 16 August to 1 September 2011 (cruise IOS-2011-27) . The westward and returning eastward ship tracks for this cruise were conducted along the same survey line, providing us with an opportunity to sample similar waters masses on outward and return legs. The time interval between outbound and return occupations of areas ranges from less than two days in the most offshore waters to approximately two weeks for the near-shore regions.
Surface Water Gas Measurements
Surface water DMS was measured using membrane inlet mass spectrometry (MIMS) [Tortell, 2005] , following the procedures outlined in Tortell et al. [2011] . Briefly, surface seawater obtained from the ship's intake (5 m depth) was pumped through a sampling cuvette at 500 ml min 21 , allowing gases to permeate across a 0.25 mm thick dimethylsilicone membrane into a Hiden Analytical quadropole mass spectrometer. Sample water temperature was maintained at 158C, using 6 m of stainless steel tubing immersed in a water bath immediately upstream of the sampling cuvette. Measurements were made every 30 s, which is equivalent to 200 m spatial resolution at cruising speeds of 5-10 kn. DMS partial pressures were calibrated from raw ion current intensities every 1 to 2 days using known DMS standards made from liquid DMS diluted with 1 L of deep (> 200 m) seawater. MIMS was also used to measure net biological oxygen production in surface waters based on the ratio of measured O 2 /Ar ratios relative to atmospheric equilibrium values (i.e., DO 2 /Ar). 
DMS/P/O Concentration Measurements
For the analysis of total (i.e., unfiltered seawater) DMS t , DMSP t , and DMSO t concentrations, we collected 1 L samples in UV transparent (UVT) bags from Niskin bottles and dispensed 10 mL duplicate subsamples into 20 mL acid-cleaned, transparent serum vials with Teflon faced caps (Wheaton PN 224100). DMS was sparged out of solution under N 2 flow and analyzed using a purge and trap capillary inlet mass spectrometer (PT-CIMS), as described by Asher et al. [2011b] . Additional details of this method are provided in supporting information. After DMS sparging and analysis, samples were treated with either 2 mL of 10 N NaOH (for DMSP samples) or 2 mL of TiCL 3 (for DMSO samples), capped with teflon faced caps and allowed to sit for 12-24 h. Prior to analysis, duplicate subsamples for dissolved DMSP and DMSO were gently filtered through 0.2 lm acrodisc syringe filters according to Kiene and Slezak [2006] . All discrete concentration measurements, including those for DMS production and removal rate measurements were conducted using PT-CIMS to follow the concentrations of isotopically-labeled S compounds (see supporting information for details). Concentrations were calculated based on the linear relationship between peak area and known concentrations of standards made from diluted stocks of liquid DMS, DMSP and DMSO approximately every three days (r 2 0.98).
Rate Experiments
Rate experiments were conducted using either a competitive inhibition (CI) approach, or with isotope tracer additions, as previously described by Asher et al. [2011b] . While both approaches offer valuable information on the balance of gross DMS production and gross DMS removal, tracer experiments have the added advantage of simultaneously quantifying the relative importance of DMS production from different reduced sulfur pools (i.e., DMSP vs. DMSO).
For all rate experiments, seawater samples were collected from 10 m depth with Niskin bottles and homogenized inside a 20 L carboy by inverting the container 10 times. Three liter volumes were dispensed into triplicate UV transparent FEP plastic bags (Welch Fluorocarbon -P00020-1) using a graduated cylinder (we note that our initial (T 0 ) concentration measurements of natural DMS may be lower due to gas exchange that occurred during the sample handling). Bags were incubated in deck-board seawater tanks, maintained at situ surface temperature using flowing seawater. Ambient light levels were reduced to 30% of surface values using two layers of neutral density screening. Bags were gently inverted 10-15 times to mix the tracer and competitive inhibitor additions before initial T 0 subsamples were removed within 20 min. Subsamples were removed from the bags, using a 60 mL syringe via a luer lock port, and loaded onto a rack for automated sampling and PT-CIMS analysis every 1.5-2 h.
Several postprocessing steps were required to obtain rate constants from the raw data from tracer and competitive inhibitor experiments. Rate constants for gross DMS production in CI experiments were derived from the slope of the natural logarithm of unlabeled DMS/P concentrations over time (equations (1) and (2)). First, however, unlabeled (i.e., m/z 62) DMS concentrations in DMS CI experiments were corrected for 1% ion source mass fragmentation from the m68 DMS (http://webbook.nist.gov/), which was added as a competitive inhibitor at > 20 times the concentration of background DMS.
natural DMS5m62 DMS20:01 X m68 DMS
For isotope tracer experiments, we amended four replicate bags with near tracer level (i.e. < 20% of ambient) additions of D-3 deuterated DMS, D-6 deuterated DMSP, and 13 C labeled DMSO [see Asher et al., 2011b] to achieve final concentrations of 1, 0.7, and 0.5 nM, respectively. DMS removal was calculated as a pseudo first-order reaction:
where k dms_cons is the observed rate constant, t is time, and [D-3 DMS] is the concentration of the added tracer (equation (1)). The m/z 64 signal, indicative of C-13 2 labeled DMS derived from DMSO d , was corrected for the background pool of S 34 -containing DMS and ion source fragmentation; To calculate a gross DMSO d reduction rate, we corrected the measured concentration of C-13 2 labeled DMS for gross DMS removal, as measured using D-3 DMS tracer;
Similarly, we corrected the D-6 DMS concentrations for gross DMS removal (equation (1)) to calculate a gross DMSP d cleavage rate as:
Gross DMSO d reduction and DMSP d cleavage were computed in a manner similar to gross DMS removal (though opposite in sign). We used the slope of the natural logarithm of corrected C-13 2 and D-6 labeled DMS concentrations over time to calculate the respective rate constants.
If the initial T 0 C-13 2 or D-6 DMS concentrations were below the 0.1 nM detection limit, we assumed an initial concentration of 0.1 nM. For all rate constant calculations, we report uncertainty as one standard error from the mean slope in these experiments. To determine natural removal and production terms (nM d 21 ), rate constants measured in the experimental bags were multiplied by in situ concentrations of DMS, DMSP, and DMSO. Standard error propagation was used to extend the uncertainty of rate constant measurements and in situ DMS/P/O concentrations to natural production and removal terms (nM d 21 ).
Ancillary Measurements
We used a series of additional measurements to provide a biogeochemical and biophysical context for our DMS data. All ancillary data described below for the Line P cruise are publicly available (http://www.pac.dfompo.gc.ca/science/oceans/data-donnees/line-p/2011-27/index-eng.htm). The mixed layer depth (MLD) was calculated using a 0.125 kg/m 23 density difference (Dr s ) criterion [Levitus, 1982] from the density profile (downcast data only) at each station. The calculation did not appear particularly sensitive to various density criteria, although this simplistic 0.125 kg/m 23 Dr t criterion may reflect the residual mixed layer (from recent past days) more so than the actively mixing layer [Brainerd and Gregg, 1995] . Density profiles were calculated using conservative temperature and absolute salinity. These variables were derived from CTDmeasurements of temperature and practical salinity using the Gibbs Oceanographic Toolbox for MATLAB (http://www.teos-10.org/pubs/gsw/html/gsw_contents.html). Chlorophyll a (Chla) and nitrate concentrations were determined by fluorometeric analysis [Holm-Hansen et al., 1965] and auto-analyzer methods [Barwell-Clarke and Brabant, 1996] , respectively. The contribution of various phytoplankton taxa to chla concentrations was determined from HPLC measurements of accessory photosynthetic pigment concentrations [Mackey et al., 1996; Zapata et al., 2000] , followed by CHEMTAX analysis.
2.6. Sea-Air Flux DMS sea-air fluxes along the cruise tracks were calculated using aqueous MIMS DMS concentrations and piston velocities (k w ), derived from wind speeds, surface temperature and salinity (equation (9)):
The Schmidt number used for these calculations was derived using the equation [2011a] , and the boundary between transitional waters and open-ocean HNLC waters as a threshold value in summer time surface nitrate concentrations greater than 1 mM. In the offshore region, the presence of excess nutrients in late summer surface waters can be used as a proxy for iron limitation [Martin and Fitzwater, 1988; Royer et al., 2010] . Based on surface water concentrations of nitrate, it appears that Fe limitation was apparent west of station P15, (i.e., 1338W) during our 2011 cruise.
We observed differences in hydrographic and biological properties across the oceanographic regimes in 2010 and 2011. Coastal BC waters, shoreward of the 2000 m isobaths, exhibited shallow mixed layer depths on average ( Figure 3a and Table 1 ). We found mixed layer depths of less than 10 m in regions influenced by a near surface halocline and mixed layer depths of more than 20 m in upwelling areas. By comparison, oceanic and transitional regimes contained higher salinity in surface waters and deeper mixed layer depths on average ( 20 m) ( Figure 3a and Table 1 ). Phytoplankton biomass was highest in coastal waters with maximum values 5 lg chla L 21 (Figure 3b ). In the offshore HNLC waters, chla concentrations were generally low (<0.5 lg L
21
), although a small apparent phytoplankton bloom was observed in the vicinity of Ocean Station P, where chla concentrations up to 0.9 lg L 21 were observed. The apparent phytoplankton bloom was also captured in eight day composite Aqua MODIS satellite chla imagery. Phytoplankton biomass in the transitional waters was intermediate between that observed in coastal and oceanic waters ( Figure 3b and Table 1 ).
The proportion of Haptophyte and Dinoflagellate phytoplankton (%) (Figure 3c and Table 1 ) revealed an oceanic-coastal gradient with the highest proportion of these two groups observed in the open ocean. We also observed a difference in the proportion of these groups between the WCAC in 2010 (30%) and the Line P in 2011 (80%). The remainder of the phytoplankton community was primarily composed of diatoms on the WCAC (60%) and an equal mix of diatoms and pelagophytes on the Line P (20%; see supporting information for details).
High Frequency Measurements of DMS Concentrations
Our data revealed a wide range of surface water DMS concentrations (range 0.19-42 nM), with significant fine-scale variability (Figure 4a ). On average, higher DMS concentrations occurred in coastal and open ocean waters with moderate DMS concentrations and lower variability in transitional waters (Table 1) . Spatial features of note include the accumulation of high DMS concentrations in the offshore waters near station P, high DMS around the Vancouver Island shelf break, and a distinct patch of moderate (10 nM) DMS concentrations in the transitional waters. We used a mean square error technique to estimate the number of statically independent data points [Asher et al., 2011a] in each oceanographic region. From this, we estimate that our MIMS data comprises more than 1000 independent measurements in each region, yielding small standard errors of the mean DMS concentrations. As a result, differences between the mean DMS concentrations in the three oceanographic domains are statistically significant, despite large variability within each domain.
At several locations across our survey region, DMS hotspots also often overlapped with regions of high DO 2 /Ar and strong gradients in surface salinity, particularly in transitional waters (Figures 4b and 4c) . Increased DMS concentrations (10 nM) were observed in the vicinity of a salinity frontal zone across the 2000 m isobath at 54.08N, in the transitions waters at 130.78W, and in regions of high salinity recently upwelled water North of the Brooks Peninsula.
High-Resolution Survey of DMS Across the Shelf-Break
We conducted a detailed survey of DMS concentrations in coastal BC surface waters, as part of a search and rescue exercise along the Brooks Peninsula ( Figure 5 ). Over the course of approximately three days, we measured strong concentration gradients in DMS (i.e., 0.5 to 40 nM) (Figure 5a ), and significant variability in biological oxygen accumulation (DO 2 /Ar 220 to 20%; Figure 5b ), sea surface salinity (31.7 to 32.7 PSU; Figure 5c ), and temperature (9 to 158C; data not shown). The highest DMS concentrations (>30 nM) were observed in upwelling regions with high salinity, low temperature waters north of the peninsula ( Figure 5 ). Lower DMS concentrations (10 nM) were measured southwest of the peninsula, and moderately elevated DMS concentrations (15-20 nM) were observed southeast of the peninsula near steep gradients in surface salinity (31.8 to >32.4 PSU; Figure 5c ). (Figure 5d ). These rapid temporal dynamics highlight the challenges involved in sampling across space and time given the rapid biological (and chemical) cycling of DMS in surface waters. We note that this temporal analysis is significantly complicated by complex physical dynamics and potential for water mass advection.
In the absence of a truly Lagrangian approach, the differences we observed in surface water properties likely reflect the combination of true temporal dynamics and water mass advection.
Within the SAR study area of the WCAC cruise, we investigated the relationship between DMS concentrations and other major gases and hydrographic parameters (e.g., temperature, salinity, DO 2 /Ar). As shown in Figure 6 , we were able to derive a statistically significant multiple linear regression model predicting DMS concentrations from DO 2 /Ar and sea surface salinity (without any interaction terms). This statistical model (DMS 5 2462 1 0.38 DO 2 / Ar 1 14.8 Sal; F-stat 5 7607, p < 0.01) was able to explain the observed variability in DMS concentrations. In this coastal region, high DMS was associated with saline, recently upwelled waters, and high biological activity near the shelf break. The relatively large residual variation in DMS (even within a small sampling region and time window) reveals the complex dynamics that drive DMS cycling in coastal waters.
Empirical Algorithms and DMS Distributions
As in previous studies [Asher et al., 2011a; Tortell et al., 2012b] , we found few statistically significant correlations between surface water DMS concentrations and other ancillary oceanographic variables. DMS concentrations in coastal and transitional waters south of 518N were best explained (r 2 5 0.52, F 5 12.82, p < 0.001) by a multiple regression including DO 2 /Ar, sea surface temperature, and upwelling intensity derived from the Bakun upwelling index. For this latter variable, we found the highest correlation using upwelling intensity at 368N with a four day time lag. Analysis of North American Regional Reanalysis (NARR) between 1950 and 2010 reveals that upwelling, forced by alongshore winds, decreases in frequency and duration northward along the west coast of North America [Bylhouwer et al., 2013] . Recent analysis of NARR data has 
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revealed a coherence of the upwelling intensity between 368N and 518N and alongshore (upwelling) winds at 368N at various time lags [Engida et al., 2016] . The 368N upwelling signal is visible in the uplift of deep isotherms and reaches Vancouver Island in approximately four days from off the coast of California.
Despite some regional coherence between DMS concentrations and surface salinity, there was no overall correlation between these variables across oceanographic regimes. Similarly, we did not find any statistically significant correlations between surface DMS concentrations Chla, MLD (Figures 3a and 3b ) or underway sea surface temperature (data not shown). We did, however, observe a weak correlation between DMS and the combined Haptophyte and Dinoflagellate Chla (lg L 21 ) across all stations (Figure 3c 
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were excluded from the analysis. Indeed, we found that the apparent correlation broke down at CHL/MLD ratios > 0.8. We did not find a significant relationship between surface DMS concentrations and solar radiation dose [Vallina and Simo, 2007] .
Discrete DMS/P/O Concentration Measurements
In addition to our MIMS-based continuous DMS observations, we also made discrete measurements of DMS, DMSP and DMSO along the Line P transect in 2011 (Table 2) . Unfortunately, concentrations for DMSP and DMSO were not measured on the WCAC cruise in 2010. We measured DMSP t concentrations ranging from 22 to 96 nM, and DMS concentrations ranging from 0.46 to 33 nM. The discrete DMS concentrations were consistent with our continuous MIMS measurements, while our DMSPt measures are consistent with published values of particulate DMSP for the Subarctic Pacific [Royer et al., 2010; Steiner et al., 2012] . Our DMSP d measurements showed concentrations ranging from 1.3 to 8.3 nM, in good agreement with DMSP d measurements along Line P in 2011 (M. Robert, personal communication, 2014 . Due to a bottle labeling problem, we were forced to average DMSO d samples from the coastal and transitional stations (P4-P12), which limits our ability to discern DMSO d variability among coastal/transitional waters. Nonetheless, the averaged DMSO d concentrations we measured (range 13.4-23 nM; Table 2 ) were higher than previous values obtained in the Subarctic Pacific [Asher et al., 2015; Bates et al., 1994] , likely reflecting seasonal and inter-annual variability. 
Rate Constants of DMS Production and Removal
In Table 3 , we present rate constants of gross DMS production, gross DMS removal, and net DMS production derived from stable isotope CI at all of the sampling stations on the WCAC cruise. Rate constants of gross DMS removal, DMSP cleavage, DMSO reduction, and net DMS production along the Line P transect are also summarized in Table 3 . Across our sampling stations, turnover times for DMS ranged between 0.5 and 4.5 days, and averaged 0.87 6 0.34 days in coastal waters, 2.0 6 1.4 days in transitional waters, and 3.5 6 2.1 days in open ocean waters, respectively. Gross DMS production rate constants were generally lower than gross DMS removal rate constants, resulting in negative net DMS production and suggesting net removal of DMS from surface waters. Indeed, at three out of five stations, net DMS production was negative, indicating that DMS removal exceeded production. In all cases, the sum of the gross production and removal rate terms is consistent with the measured net production term, within the measurement errors. We observed considerable variability in rate constants of net DMS production (20.17 6 0. Table 2 ).
Patterns in DMS Production and Removal Terms
Rate constants for net DMS production across the full survey region in 2010 and 2011 were positively correlated with surface water DMS concentrations, as shown in Figure 7a (r 2 5 0.62, p < 0.05, n 5 14; Figure 7 ). Limited data prevent the identification of any strong spatial patterns in net DMS production (Figure 7b ) or gross DMS removal (data not shown). However, we did find a statistically significant positive correlation between gross DMS production constants in coastal and transitional waters with the upwelling index (r 2 5 0.50, p < 0.05, n 5 9). Gross DMS production and net DMS production were not correlated with Haptophyte and Dinoflagellate Chla concentrations or other hydrographic variables. a Measurements (mean 6 one standard error) derived from DMS competitive inhibitor experiments on the WCAC cruise in 2010, and mean rates (6 one standard error) of gross DMS removal, DMSP cleavage, DMSO reduction, and net DMS production at the major stations along the Line P transect in August, 2011. Rates below detection (i.e., no measurable changes in tracer concentrations) are listed as n.d. Missing data are indicated with a dash. C, T, and O represent stations determined to be in the coastal, transition and, oceanic zones, respectively.
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Discussion
The results presented here constitute the most complete regional survey of DMS/P/O concentrations and production/removal rates in surface waters of the Subarctic NE Pacific. This study corroborates the few existing data on gross DMS removal, and provides the first measurements of DMS removal and turnover in continental shelf waters, and the first direct comparison of DMSP cleavage and DMSO reduction as sources of DMS in the Subarctic Pacific (Figure 1 ). Below, we discuss our results in terms of currently existing data, and show how our new observations extend existing knowledge of DMS dynamics in this region.
Strong Spatial Gradients in DMS Concentrations and Sea-Air Fluxes
Using automated MIMS analysis of surface waters, we were able to map the distribution of DMS concentrations in coastal and open ocean waters of the Subarctic Pacific with high spatial resolution. DMS concentrations appeared higher and more heterogeneous in coastal and open ocean waters than in transitional waters ( Figure 4 and Table 1 ). DMS measurements obtained near the Brooks Peninsula ( Figure 5 ) exemplified the strong spatial variability we observed in near-shore coastal waters. A multilinear regression of the high-resolution data collected in this region revealed that DO 2 /Ar and salinity could explain a sizable fraction of the variance in DMS concentrations (0 -40 nM). This result suggests that recently upwelled, saline waters and phytoplankton productivity (driving the supersaturation of DO2/Ar) provided favorable conditions for DMS accumulation. In the absence of N 2 O measurements, DO 2 /Ar ratios were not corrected for vertical mixing (i.e., upwelling, entrainment, or dypicnal mixing) using the recent method of Cassar et al. [2014] . As a result, our DO 2 /Ar measurements reflect an in situ signature of net community production and the potential influence of mixing dynamics that bring O 2 under-saturated waters into the mixed layer. 
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DO 2 /Ar measurements thus represent a likely under-estimate of the true biological productivity signal. On short timescales (3 days), we might expect a stronger correlation between DO 2 /Ar and DMS, if the DO 2 /Ar measurements had been corrected for vertical mixing. However, the integration timescales of DO 2 /Ar is 7 to 14 days, whereas DMS turnover in the surface ocean occurs on much shorter timescales (1-4 days). Thus, we hypothesize that the uncoupling between DO 2 /Ar and DMS occurs when biological DMS consumption (nM d
21
) outpaces the heterotrophic removal of oxygen (lmol d 21 ).
Overall, data from the 2010 WCAC cruise agree well with the observations of Tortell et al. [2012b] and Nemek et al. [2008] , who documented high DMS concentrations and spatial variability along the West Coast of Vancouver Island and in the Queen Charlotte Sound. Our results thus provide further evidence that this is a region of persistently high summer time DMS concentrations. During the 2011 Line P cruise, we observed less variability in coastal DMS concentrations. This may reflect the less extensive sampling of coastal and transitional waters during this cruise relative to the WCAC survey in 2010. The dominant spatial gradient along the Line P cruise track was associated with the transition from iron-replete to iron-limited waters west of 1378 (as judged from surface NO 2 3 data). In addition, a small-scale DMS ''hotspot'' was observed at 130.78W, corresponding with a hydrographic front, as indicated by a strong surface salinity gradient. This region has previously been identified as a biological productivity hotspot [Ribalet et al., 2010] , influenced by the mixing of high Fe coastal waters, with high NO 2 3 offshore waters. Our results from the 2011 Line P cruise are consistent with the observations of Steiner et al. [2012] , who documented persistently high summer (August) DMS concentrations in open-ocean waters between 1996 and 2010. Combined with high offshore winds, these persistently elevated oceanic DMS concentrations result in large sea-air DMS fluxes that agree well with the range of the long-term climatological means derived by Lana et al. [2011] for the Subarctic NE Pacific. Our results thus support previous observations showing that this region represents an important summer time source of atmospheric sulfur.
DMSP/O Concentrations in the Subarctic NE Pacific
As in previous studies Royer et al., 2010] , we found that concentrations of total and particulate DMSP were similar. The result reflects the dominance of the DMSP p pool compared to the DMSP d pool. Apparent differences in DMSP d concentrations between datasets [e.g., this one and Royer et al., 2010] highlight strong interannual and seasonal variability, as well as spatial variability among sampling sites in the various subregions. Artifacts related to sample handling could also lead to an additional source of variability in measured DMSP d concentrations. Phytoplankton cell lysis during filtration has been shown to release substantial amounts of particulate DMSP into the dissolved pool, leading to artificially high DMSP d concentrations. While we cannot rule out potential sampling artifacts, we and other authors working along Line P have followed the protocol recommended by Kiene and Slezak [2006] to minimize cell disruption during the filtration process.
Only two previous studies have reported DMSO concentrations in the Subarctic Pacific. Bates et al. [1994] measured DMSO t from 5 to 60 m at the PSI-3 time series station in southern coastal waters (1288W 488N) in April, which is prior to the onset of the upwelling season. Their results showed maximum DMSO concentrations of 5 nM. By comparison, DMSO d values in all of the regions we sampled (i.e., coastal, transitional, and open-ocean waters) were substantially higher than this (range 13-23, mean 20.4 nM). The higher concentrations we observed relative to Bates et al. [1994] likely reflect the difference in sampling time (latesummer vs. early spring), and the role of DMS photo-oxidation in the formation of DMSO d [Toole et al., 2003; Bouillon et al., 2006] . Our own recent measurements [Asher et al., 2015] demonstrate high DMSO d/t concentrations along Line P during August of 2014, with a mean value of 11 nM. These additional data suggest persistently high summer-time DMSO concentrations in the NE Subarctic Pacific. As discussed below, the role of the DMSO pool in DMS dynamics requires further study.
Trends in DMS Production/Removal
We observed a positive correlation between surface water DMS concentrations and the rates of net DMS production across our study area (Figure 7 ). This correlation suggests that our rate measurements capture the majority of processes driving DMS accumulation in the Subarctic NE Pacific (we note that macrozooplankton grazing, vertical mixing, horizontal advection, which may be important on short timescales, are not well represented). Higher rates could be related to higher rates of bacterial metabolism in coastal waters, driven by greater phytoplankton biomass (chla) and productivity (biological O 2 supersaturation,
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DO 2 /Ar; Figure 3b ). Across our study area, DMS turnover times ranged between < 1day and 4 days, which is consistent with previous studies [e.g., Merzouk et al., 2006] . Shorter turnover times in coastal waters (< 1 day) are sufficient to remove any signature of DMS accumulation, thus effectively ''resetting'' the mixed layer DMS budget on short time scales. Rapid DMS turnover in coastal waters also explains the greater spatial variability we observed in DMS concentrations.
Our measured gross DMS removal and production rates represent a combination of biological and abiotic (e.g., photo-oxidation) processes, but they do not take into account physical processes such as mixing and sea-air exchange (e.g., Figure 1) stations (e.g., P20), photo-oxidation can account as much as 70% of measured gross DMS removal. To estimate the potential for mixing at the base of the mixed layer to dilute DMS concentrations in surface waters (Figure 1 ), we used simple box model calculations based on the work of Ianson and Allen [2002] derived specifically for coastal BC waters. This calculation indicated that DMS removal due to mixing at the base of the mixed layer was also small (0.03 nMd 21 ). Thus, our results indicate that biological processes generally dominated DMS removal compared to sea-air flux, photo-oxidation, and mixing at the base of the mixed layer (see Figure 1) . Yang et al. [2013] reached a similar conclusion regarding the dominance of biological consumption on the removal of DMS during So GasEx in the Southwest Atlantic sector of the Southern Ocean, which is also an oceanographic region characterized by high DMS concentrations and heterogeneity.
Given the strong density stratification of surface waters across the offshore Subarctic Pacific (due to a low salinity surface layer), vertical entrainment of subsurface waters is not likely a strong DMS sink (or source). In coastal waters, however, upwelling could potentially decrease mixed layer DMS concentrations (Figure 1 ), given the low DMS concentrations in subsurface waters [Wong et al., 2005; Steiner et al., 2012] . Our detailed 2010 survey of the Brooks Peninsula ( Figure 5) showed that DMS accumulation began within one day of upwelling, with high DMS water masses subsequently advected offshore, and DMS concentrations attenuated, likely by rapid biological consumption. The short turnover of DMS (< 1 day) at station BP3 following the SAR transects survey, and a similarly short average turnover in coastal surface waters, suggests that DMS accumulation can be attenuated over short temporal and spatial scales. These high rate constants of DMS turnover can help to explain the significant temporal variability we observed in the Brooks Peninsula SAR region ( Figure 5 ).
A Comparison of Available Rate Measurements From the Subarctic NE Pacific
To date, three different methods have been used to examine DMS cycling in the NE Subarctic Pacific; competitive inhibition assays, stable isotope tracer additions and radio isotopes [e.g., Royer et al., 2010; Merzouk et al., 2006] . The available data show good agreement (within 0.05 d 21 ) in terms of DMS consumption rates at Station P26, despite differences in sampling years and methodology (Table 3) , providing confidence in the available measurements. DMSP cleavage rates at Line P stations agree within a factor of 2-4. Measurements of DMSP cleavage rates in spring (May/June) along Line P have produced estimates averaging 0.5 6 0.3 d 21 , with values ranging from 0.14 to 0.83 d 21 [Royer et al., 2010] . By comparison, we measured an average DMSP d cleavage rate of 1.4 6 0.4 d 21 (Table 3) . We expect higher rates of DMSP d cleavage in summer than spring, to sustain the elevated open-ocean DMS concentrations frequently observed in August in the Subarctic Northeast Pacific.
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Our results provide the first DMSO d reduction rate constants in the Subarctic Pacific. We found that rate constants of DMSO d reduction were significantly lower than DMSP d cleavage and gross DMS removal except in coastal waters (Table 3) . However, since DMSO d pool sizes are often comparable or larger than DMSP d pool sizes (Table 2) , DMSO d reduction can provide an important source of DMS in the Subarctic NE Pacific. Additional DMSO concentration and reduction rate measurements are thus needed (both in coastal and open ocean waters) to better characterize the importance of this compound in the DMS cycle of the Subarctic Pacific. As both an important sink of DMS through photo-oxidation and biological oxidation, and as a source of DMS from DMSO reduction, DMSO measurements should be included in future DMS research programs. We have recently developed an automated method for surface DMSO (and DMS/P) measurements [Asher et al., 2015] , which will enable future research into the spatial distribution of this compound in marine surface waters.
Conclusions and Future Outlook
This study provides extensive coverage of DMS/P/O concentrations and cycling in open-ocean and coastal regions of the Subarctic NE Pacific. We observed high DMS concentrations and sea-air fluxes across the region, further demonstrating the importance of the Subarctic NE Pacific as an important source of DMS to the atmosphere. DMS concentrations in surface waters were correlated with standard oceanographic variables on various temporal and spatial scales, although these empirical relationships did not have significant predictive power. In contrast, we found that measured net DMS production rates were strongly correlated to surface water DMS concentrations across our survey region. Our results show that rates of DMS production and removal vary across and within oceanographic regimes, and this variability, driven by a range of oceanographic factors, can explain the dominant gradients in surface water DMS accumulation. The rapid DMS turnover times reported in coastal waters help explain the presence of localized DMS ''hotspots,'' as compared to the more homogeneous DMS accumulation in the HNLC open-ocean.
Further studies are needed to examine the physical and biological drivers of production and removal terms in the Subarctic Pacific DMS cycle, and to document the seasonality of DMS dynamics across the contrasting coastal and offshore oceanographic regimes. Additional measurements are needed to better parameterize and validate regional biogeochemical models [e.g. Steiner and Denman, 2008] examining the response of Subarctic NE Pacific surface waters along Line P to on-going climate-dependent perturbations.
